In methylotrophic yeast, Dha is the primary product of methanol assimilation (1). In bacteria, Dha is formed by oxidation of glycerol or aldol cleavage of fructose-6-phosphate (2, 3). In animal cells, Dha is a gluconeogenic precursor (4-6). The Dha kinase of Escherichia coli was discovered in the proteome as two spots, which were up-regulated in the ptsI mutant, lacking enzyme I of the phosphoenolpyruvate(PEP)-dependent carbohydrate:phosphotransferase system (PTS) (7) and displayed strong amino acid sequence similarities to the N-and C-terminal domains of the ATP-dependent Dha kinase of Citrobacter freundii (7, 8) . The two subunits, termed DhaK and DhaL (SWISS-PROT entries P76015 and P76014), are encoded in an operon together with a third protein, DhaM (SWISS-PROT entry P37349). DhaM is a multiphosphoryl protein of the PTS with sequence similarity to the IIA domain of the mannose transporter (PDB ID code 1PDO; ref. No similarity with known protein folds could be predicted for DhaK and DhaL. DhaK, DhaL, and DhaM were overexpressed and purified (12). Whereas DhaL precipitates already at low protein concentration, DhaK is soluble. Here we describe the x-ray structure of DhaK with Dha covalently bound to a histidine in the active site.
D
ihydroxyacetone (Dha) kinases convert free Dha into the glycolytic intermediate Dha phosphate (DhaP) . In methylotrophic yeast, Dha is the primary product of methanol assimilation (1) . In bacteria, Dha is formed by oxidation of glycerol or aldol cleavage of fructose-6-phosphate (2, 3) . In animal cells, Dha is a gluconeogenic precursor (4) (5) (6) . The Dha kinase of Escherichia coli was discovered in the proteome as two spots, which were up-regulated in the ptsI mutant, lacking enzyme I of the phosphoenolpyruvate(PEP)-dependent carbohydrate:phosphotransferase system (PTS) (7) and displayed strong amino acid sequence similarities to the N-and C-terminal domains of the ATP-dependent Dha kinase of Citrobacter freundii (7, 8) . The two subunits, termed DhaK and DhaL (SWISS-PROT entries P76015 and P76014), are encoded in an operon together with a third protein, DhaM (SWISS-PROT entry P37349). DhaM is a multiphosphoryl protein of the PTS with sequence similarity to the IIA domain of the mannose transporter (PDB ID code 1PDO; ref. No similarity with known protein folds could be predicted for DhaK and DhaL. DhaK, DhaL, and DhaM were overexpressed and purified (12) . Whereas DhaL precipitates already at low protein concentration, DhaK is soluble. Here we describe the x-ray structure of DhaK with Dha covalently bound to a histidine in the active site.
Materials and Methods
Protein Purification and Activity Assay. E. coli DhaK was overproduced in E. coli WA2127⌬HIC(ptsI) as described (12) and purified by ion exchange chromatography over DEAE cellulose (C545, Fluka) and ResourceQ (Amersham Pharmacia) and gel filtration over Superdex 200 (Amersham Pharmacia). DhaK was concentrated to 30 mg⅐ml Ϫ1 in 5 mM Hepes, pH 7.5͞2 mM DTT. The apoform of DhaK was generated between DEAE and ResourceQ chromatography by incubation of the DhaK-Dha complex with PEP and catalytic amounts of the PTS proteins (enzyme I, HPr) DhaM and DhaL. DhaK activity was measured in a coupled assay by reduction of DhaP with glycerol-3-phosphate dehydrogenase. The disappearance of NADH was monitored continuously in a Spectramax 250 plate reader (Molecular Devices) at 30°C (12) .
Crystallization and Data Collection. The DhaK-Dha complex and the apoprotein were crystallized from 80 mM sodium acetate, pH 5.0͞160 mM (NH 4 ) 2 SO 4 ͞17% (wt͞vol) polyethylene glycol (PEG) 4000͞15% (wt͞vol) 2-methyl-2,4-pentanediol (MPD) using hanging drop vapor diffusion. The crystals had the symmetry of the space group P2 1 2 1 2 (a ϭ 96.5 Å, b ϭ 97.4 Å, c ϭ 86.0 Å, ␣ ϭ ␤ ϭ ␥ ϭ 90°) and they diffracted to 1.75 Å resolution after flash-freezing at 105°K in the native mother liquor. Native and derivative diffraction data were collected on a RAXIS-IV imaging plate detector mounted on a Rigaku RU300 generator equipped with Yale mirrors (Molecular Structure, The Woodlands, TX). All data were processed by using the HKL program package (13) .
Structure Solution and Refinement. The DhaK structure was determined by the multiple isomorphous replacement (MIR) method. Heavy-atom sites were located with SHELX (14) . Phases were calculated by using SHARP (15) and improved by solvent flattening by using the program SOLOMON (16) . An initial protein model was built into the electron density by using the programs ARP͞WARP (17) and O (18) . Noncrystallographic symmetry restraints were used to refine the model at 1.75 Å Abbreviations: Dha, dihydroxyacetone; DhaP, Dha phosphate; DhaK, DhaL, and DhaM, subunits of the Escherichia coli Dha kinase; PEP, phosphoenolpyruvate; PTS, PEP-dependent carbohydrate:phosphotransferase system; Trp, tryptophan.
Data deposition: The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.rcsb.org [PDB ID codes 1OI2 (for subunit K of the E. coli dihydroxyacetone kinase bound to dihydroxyacetone) and 1OI3 (for subunit K of the E. coli dihydroxyacetone kinase in its apo-form)].
resolution by using the program REFMAC (19) . Details of the crystallographic analysis are shown in Table 1 .
Results
Structure Determination and Overall Architecture. The structure of DhaK was solved by MIR at 2.5 Å resolution. Refinement against 1.75-Å data resulted in an R factor of 17.1% and an R free of 20.1%, with excellent stereochemistry (Table 1 ). The asymmetric unit contains one physiological dimer (Fig. 1A) . Residues 20-368 of the DhaK monomer are well ordered, with the exception of residues 205-217. The monomer can be divided into two domains, with each composed of a six-stranded ␤-sheet, which are covered by ␣-helices ( Fig. 2A) .
The core of the N-terminal domain (residues 55-195) possesses a similar fold as the IIA domain of the mannose transporter (PDB ID code 1PDO; ref. 9) . It consists of a central four-stranded parallel ␤-sheet surrounded by 5 helices (Fig. 2 , blue boxed area). Helix 4 and 5 form a hairpin, which is characteristic of the IIA fold. Overlay of the DhaK core with the IIA domain using the DALI server (20) yields a Z score of 9.3 and an rms deviation of 2.5 Å for 106 C ␣ atoms (Fig. 3 , red and blue backbone traces). The IIA core of DhaK is extended on the N-terminal side by two antiparallel strands (residues 33-54) and the dimerization helix 1 (residues 20-32). On the C-terminal side it is connected to the next domain. This second domain also consists of a six-stranded mixed ␤-sheet (Fig. 2) . It is covered by two helices on the solvent-exposed side and packed against the first helix of the helix hairpin (residues 161-175) on the other side. The C-terminal 15 residues of the polypeptide chain fold back onto the N-terminal domain. The fold assumed by the leftmost four ␤-strands and the two solvent-exposed helices ( rmsd, root-mean-square deviation from ideal geometry. *PIP, Di--iodobis(ethylenediamine) diplatinum (II)-nitrate. † Numbers in parentheses refer to the indicated highest resolution shell. ‡ Rmerge ϭ ͚hkl ͚i͉͞(hkl; i) Ϫ ͗͞(hkl )͉͚͘͞hkl ͚i͞(hkl; i), where I(hkl; i) is the intensity of an individual measurement and ͗I(hkl)͘ is the average intensity from multiple observations. § Rfactor ϭ ͚hklʈFobs͉ Ϫ k͉Fcalcʈ͚͞hkl͉Fobs͉. ¶ Rfree ϭ the R factor against 5% of the data removed prior to refinement. loop of DhaK consisting of two short antiparallel ␤-strands bearing the active site His-230. The DhaK dimer interface is formed by helices 1 and 8 ( Fig. 2) , which intersect at an angle of 70°. A total of 9.3% (2,390 Å 2 ) of the accessible surface is buried on dimer formation.
The Twisted Two-Strand ␤-Ribbon. A prominent feature on the outer surface of DhaK is a ␤-ribbon (Fig. 2, residues 255-284) , which caps the edge of the N-terminal ␤-sheet (residues 137-142). It is inserted between the first helix and second ␤-strand of the FtsZ fold. The ribbon contains two conserved tryptophans (Trp-267 and Trp-274), which form a Trp zipper, a motif that is proposed to stabilize ␤-hairpins in their strongly twisted conformation (22, 23) . A comparison of homologous Dha kinase sequences reveals that the ␤ ribbon is present only in DhaK of Gram-negative bacteria, where it covers an edge strand, which is composed exclusively of hydrophobic residues. In the Dha kinases of Gram-positive bacteria and eukaryotes, the corresponding edge strand contains a glutamic acid residue. Charged residues and ␤-ribbons are devices that have been proposed to protect edge strands of regular ␤-sheets from aggregation with any other ␤-strands they encounter (23) . The ribbon itself is constrained by the Trp zipper and thereby protected from aggregation into a larger ␤-sheet.
Dha-Binding Site. Unexpected electron density at His-230 in the C-terminal domain could unambiguously be assigned to a molecule of Dha bound as a hemiaminal to the N2 of the imidazole ring (Fig. 1B) . The covalently bound substrate is further held in place by a network of hydrogen bonds to residues of the N-terminal domain. The geminal aminoalcohol group at C-2 of Dha forms a hydrogen bond with the N2 of His-66, and the OH groups at C1 and C3 are coordinated by the carboxyl group of Asp-119 and the main-chain amide hydrogen of Gly-63 (Fig. 1B) . His-230 is at the turn of a loop suspended from the two rightmost ␤-strands of the C-terminal domain, its imidazole ring being fixed by a hydrogen bond between the N␦1 and the side-chain carboxylate of Glu-232. His-66 and Asp-119 are at the topological switch point of the core fold common to DhaK and IIA Man (Fig. 3) . The imidazole ring of His-66 is held in place by a hydrogen bond between its N␦1 atom and the main-chain carbonyl oxygen of Thr-333.
Dha is buried in a cavity. Only the pro-R OH group (Fig. 1B ) is surface exposed and ready for a electrophilic attack by phospho-His-9 of DhaM (12) . Dha binding must be tight because no substrate was added at any stage of the protein purification. By chance, Dha also was not removed in vivo, because DhaK was expressed in a ptsIptsH strain, where DhaM cannot be phosphorylated and Dha is consequently not phosphorylated either (12) . In fact, Ϸ0.8 mol of DhaP per mol of DhaK are readily released in vitro on incubation of the complex with PEP and catalytic amounts of the phosphotransferase components enzyme I, HPr, DhaM and DhaL (Fig. 4A ). This indicates that Dha is bound to the active and not to an allosteric site. Consistent with this conclusion is the observation that mutations of His-230 to alanine or lysine completely abolished kinase activity (results not shown).
DhaK was freed of Dha by incubation with DhaL and the PTS components, the apoprotein crystallized under the same condition as the DhaK-Dha complex, and the structure solved at 2.0 Å resolution (Table 1) . The difference Fourier map with phases derived from the DhaK-Dha complex model revealed strong extra-negative density at the position of the covalently bound Dha molecule. But otherwise, removal of Dha did not detectably alter the conformation of the active site (Fig. 1C) .
The Family of DhaK Paralogs. A BLASTP (24) search revealed genes for DhaK-like protein subunits and domains in Ͼ50 Grampositive and Gram-negative bacteria as well as in many eukaryotes. PTS-dependent and ATP-dependent Dha kinases are discernible by phylogenetic clustering but no sequence motif emerged which could be considered to be critically relevant for phosphoryl donor recognition. A second operon for putative transcription regulators and DhaK-like proteins is often found immediately adjacent to the catalytic operon (Fig. 5) . Assuming that proteins encoded in an operon are functionally related, it is likely that these DhaK-like proteins are paralogs with regulatory functions. The active site residues are also invariant in these paralogs (Fig. 4B ). phorylated by the Dha kinase at the ␤-OH and the ␥-OH, respectively, and not like Dha at the ␣-OH. Similarly, a tomato enzyme homologous to the Dha kinase phosphorylated 3,4-dihydroxy-2-butanone at OH-4, and not at OH-3 (29) . (ii) Substrate and product are both covalently bound. Strong electron density at His-230 reappears after soaking crystals of substrate-free DhaK with DhaP. The equilibrium dissociation constants of DhaK are 8 M for Dha and 1.6 mM for DhaP. At a physiological DhaP concentration of Ϸ50 M (30) product inhibition of DhaK is minimal. (iii) No exchange of hydrogen against deuterium at C-1 of Dha could be detected when the Dha kinase reaction was performed in D 2 O. This finding suggests that no enamine is formed that could increase the acidity of the ␣-OH. In conclusion, it appears improbable that the hemiaminal affects the reactivity of the ␣-OH. Such an effect is even less plausible for the ␤-OH and ␥-OH of glyceraldehyde and erythrose, which are separated from the hemiaminal by one and two extra carbon-carbon bonds.
Covalent binding of substrates by bonds that do not participate in the catalyzed reaction is unusual, and to our knowledge, has not been observed before. What might be its function? We propose that formation of the hemiaminal is the chemical basis for efficient discrimination between short-chain ketoses and aldoses on one hand and the structurally similar polyalcohols on the other. The former are chemically reactive and potentially toxic, even at low concentrations (31, 32) . The latter are compatible solutes, which accumulate to high concentrations as osmoprotectants, for instance in yeast (33) . Removing a potentially noxious compound in the presence of a neutral or beneficial requires strong discrimination. In accord with this idea, glycerol in concentrations up to 20% (2.2 M) is neither a substrate nor an inhibitor of E. coli Dha kinase which, however, turns over the small amounts of contaminants present in commercial glycerol lots (unpublished data). On the other hand, glycerol kinases, which form no covalent intermediates and therefore may lack the specific discrimination between carbonyl compounds and polyols, do phosphorylate both glycerol and Dha (34, 35) .
Dha kinases exist in two forms: ATP-dependent, and PEPdependent. In eukaryotes that do not have a PTS, all Dha kinases are ATP-dependent. In bacteria most Dha kinases are PEPdependent and only a few (for instance, C. freundii) are ATPdependent. Strong amino acid sequence conservation suggests that all Dha kinases have a common ancestor, which, according to the results of phylogenetic clustering, might have been ATPdependent. At some time in the course of evolution, the bacterial Dha kinases must then have switched from ATP to the PTS as provider of high-energy phosphate. However, the core fold of DhaK could also point in an opposite direction. This structure appears in a number of PTS proteins, in the DhaM subunit of Dha kinases itself, in the IIA subunit of the mannose family of PTS transporters, and in the transcription regulator LevR of Bacillus subtilis (Fig. 5, black and gray) . Whereas the amino acid sequence similarity between IIA Man , DhaM, and LevR (Fig. 5,  gray) is modest, it is nonexisting between the cores of DhaK and IIA Man (Fig. 5, black and gray) . It is noteworthy that a histidine and an aspartic acid are invariant at the topological switch point of each fold (Fig. 3) . However, they perform different functions. His-66 and Asp-119 of DhaK bind the substrate by hydrogen bonding (Fig. 1 A) . His-10 of IIA Man (His-9 of DhaM and His-585 of LevR) is phosphorylated, and Asp 67 of IIA Man stabilizes and͞or activates His-10 by formation of a hydrogen bond to the N␦1 of the imidazole ring (9, 36) .
DhaK of E. coli is the first, to our knowledge, and so far the only soluble carbohydrate phosphotransferase that utilizes the PTS as source of high-energy phosphate, all others being membrane proteins. It appears unlikely to us that DhaK could serve as a model for understanding the mechanism of vectorial phosphorylation by the carbohydrate transporters of the PTS (enzymes II). First, DhaK does not share amino acid sequence similarity with membrane-spanning domains of any PTS transporter, and second, phosphoryl groups are transferred directly from the IIA domain and not via a IIB domain as in transporters. In conclusion, DhaK is an example of a PTS protein, which is shared between bacteria and eukaryotes. Whether the common ancestor was a PTS protein or a kinase cannot yet be decided.
